Abstract: Hybrid car bodies fabricated by joining parts made with steel and aluminum alloys are becoming increasingly common. This provides an affordable mean to decrease the car weight by using lighter or more advanced materials only where they can achieve the maximum benefit. This development is driven mainly by recent regulations on carbon dioxide emissions, and hinges on the deployment of effective joining technologies. In most cases, such technologies were not previously used in the car sector, and must be adapted to its requirements. Several dissimilar welding technologies, based on either fusion welding or solid-state welding, are reviewed here, focusing on dissimilar joining among steels and wrought aluminum alloys. These technologies are either presently being introduced in the car industry, or are used in other sectors and could be applied in the car industry in the near future.
Introduction

Car Industry Context
Regulations of carbon dioxide emissions and fuel economy are becoming ever more stringent. Therefore, car manufacturers are increasingly trying new ways to decrease car-body weights, without loss of performance and avoiding excessive cost increases.
One prominent line of development in this respect is the introduction of multi-material (or hybrid) car bodies. In this approach, different parts are made not only with different alloys belonging to the same class, such as different steel grades, but rather, with entirely different material classes, such as steels and aluminum alloys.
Hybrid construction may make it possible to decrease the car weight at a moderate cost, by using lighter or more advanced materials only where they can achieve the maximum benefit.
Moreover, it can be more effective than full light-weight material construction (i.e., construction without steel) in order to reduce the total carbon footprint. In fact, hybrid construction makes possible the use of light but energy-intensive materials (such as aluminum) only in those parts where they offer the most important weight savings. As a consequence, their higher material production energy consumption and pollution can be effectively offset by the ensuing lower exhaust emissions.
In principle, the hybrid construction concept is amenable to all segments of the car-market. Regarding mass-produced cars, it would facilitate the application of light materials for those parts where the greatest mass reduction per unit cost can be obtained in otherwise steel-based car-bodies. Regarding premium cars, it would make it possible to retain some critical high-strength steel components for improved stiffness and safety in otherwise light-material constructions. However, for the above reasons, it is expected that it will have the greatest impact on the medium volume segment. 
Scope of this Review
Several welding processes with different expected costs and levels of effectiveness are reviewed here. Some of these technologies are being recently introduced on a small scale in the car industry. Others are entirely new for the car industry, but have already been validated in the laboratory or in other industries, and are expected to deliver better performance than the abovementioned and now prevalent technologies
The review is focused on dissimilar joining among steel and aluminum alloys, because this couple is by far the most important for the automotive industry.
Moreover, the review is focused on welding technologies, i.e., those that form a metallic bond. However, hybrid joining methods, i.e., those that use a third metallic element to form a metallic bond on one side and a mechanical bond on the other, are also included.
The focus on the welding methods is due to two reasons. In the first place, the direct metallic bond can achieve a much higher strength (per unit area) than any other method. Moreover, the mechanical joining (e.g. riveting, clinching, etc.) and adhesive bonding methods are already well known, and were recently reviewed by Barnes and Pashby [5] , Groche et al. [6] , and He [7] .
Those processes that are capable of creating continuous linear junctions are emphasized, because they allow a much larger joining section and a more even distribution of the service loads, avoiding excessive local stress concentration. However, spot joining processes are also examined because of their lower cost, less stringent mounting tolerances, and compatibility with the present widespread use of homologous spot welding.
Therefore, the following technologies are reviewed here: -resistance spot welding, for final-assembly; -resistance element welding, for final-assembly; 
Therefore, the following technologies are reviewed here:
resistance spot welding, for final-assembly; -resistance element welding, for final-assembly; -laser beam fusion welding, for both TWB manufacturing and final assembly; -electric arc fusion welding, for both TWB manufacturing and final assembly;
Metals 2019, 9, 315 4 of 28 -joining by means of transition joints, for both TWB manufacturing and final assembly; -magnetic pulse sheet welding, mainly for final assembly; -friction stir welding, including the spot variant, mainly for TWB manufacturing; -friction bit joining, for final-assembly; -ultrasonic spot welding, for final-assembly only.
Fusion welding technologies
Introduction
Fusion welding methods, and in particular the resistance spot welding technique, are commonly used for joining steel car bodies. Unfortunately, these techniques show important drawback when they are applied to hybrid welding between aluminum and steel.
According to the Fe-Al phase diagram ( Figure 2 ) [8] , the most relevant difficulty in the pursuit of a direct metallic junction between steels and aluminum alloys is the formation of inter-metallic compounds (IMCs). These compounds generally exhibit extremely low plastic deformability, and therefore, are a major cause of brittleness of the metallic junction. Therefore, it is important to minimize the IMC layer thickness, in order to achieve acceptable mechanical properties.
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According to the Fe-Al phase diagram ( Figure 2 ) [8] , the most relevant difficulty in the pursuit of a direct metallic junction between steels and aluminum alloys is the formation of inter-metallic compounds (IMCs). These compounds generally exhibit extremely low plastic deformability, and therefore, are a major cause of brittleness of the metallic junction. Therefore, it is important to minimize the IMC layer thickness, in order to achieve acceptable mechanical properties. [7] .
One further difficulty is the low wettability of molten aluminum on solid steel. This, luckily, can be improved by applying a thin zinc coating to the steel surface. Therefore, zinc coating is generally beneficial for fusion welding techniques (but not for solid-state welding).
For these reasons, fusion welding or brazing with some techniques, e.g., by resistance spot welding or arc welding, is difficult for steel-aluminum alloy couples, as IMCs are readily formed. Nevertheless, it can be performed under controlled conditions, in particular if the steel sheet is zinc coated (or aluminum coated) and a suitable interlayer or filler alloy is used. In particular, Al-5% or 12% Si or Zn-15% Al are commonly used filler alloys. Dong et al. [9] , Su et al. [10] and Milani et al. [7] .
For these reasons, fusion welding or brazing with some techniques, e.g., by resistance spot welding or arc welding, is difficult for steel-aluminum alloy couples, as IMCs are readily formed. Nevertheless, it can be performed under controlled conditions, in particular if the steel sheet is zinc coated (or aluminum coated) and a suitable interlayer or filler alloy is used. In particular, Al-5% or 12% Si or Zn-15% Al are commonly used filler alloys. Dong et al. [9] , Su et al. [10] and Milani et al. [11] have shown that a relatively high amount of Si in the filler wire can reduce the diffusion of iron in molten aluminum, resulting in a reduction of the thickness of the IMC layers, and especially of the Al 5 Fe 2 layer.
Sundman et al. [12] recently reviewed the Al-Fe system, showing that the possible Al-rich IMCs at room temperature are Al 2 Fe, Al 5 Fe 2 and Al 13 Fe 4 (the latter is sometimes called Al 3 Fe). Kouadri-David et al. [13] showed that the most critical region of a weld is that close to the aluminum side, where Al is prevalent but there is a significant Fe fraction. This happens because the solubility of Al in Fe is much greater than the solubility of Fe in Al, and because the Al-rich IMCs are brittle, while the Fe-rich phases (the α-Fe bcc solid solution and the FeAl and Fe 3 Al bcc ordered solid solutions) are relatively ductile.
The effectiveness of the different dissimilar welding methods is therefore especially (but not exclusively) related to their ability to avoid or minimize the formation of the aforementioned brittle IMCs, especially the Al-rich ones. In particular, Meco et al. [14] found that a thin IMC layer, i.e., thinner than 10 µm, does not generally compromise the strength and ductility of metal joints, whereas a thick layer can be detrimental.
For the above purpose, it is generally necessary to keep the process temperature and duration as low and short as possible, because the formation of the IMCs requires atomic diffusion, which is a time-dependent phenomenon which is greatly enhanced by temperature.
Hybrid fusion welding always involves melting the aluminum side and the filler or interlayer, if any, but it does not always involve melting the steel (in the latter case, it is sometimes termed 'brazing'). Even if the steel is not melted, it nevertheless undergoes a chemical reaction with the liquid aluminum, forming intermetallic phases.
Fluxes are also often used in order to dissolve preexisting oxides, avoid in-process oxidation, and/or increase wettability.
Plain Resistance Spot Welding
As mentioned by Aslanlar et al. [15] , resistance spot welding between homologous materials is one of the oldest welding processes; it continues to dominate the automotive assembly area. In contrast, this process is not presently applied to dissimilar metal couples in the car industry, with very few exceptions (see below). However, several investigations have been made at the laboratory scale.
Homologous resistance spot welding is most commonly applied between steel sheets. In the case of aluminum alloy sheets, due to their lower resistivity and higher thermal conductivity (in respect to steels), higher current densities are needed, causing an increase in processing costs. Moreover, aluminum oxides must be removed from the surface before welding, making the process yet more difficult and expensive.
Weld-bonding is a hybrid process that combines Resistant Spot Welding and Adhesive Bonding; it is widely used for homologous joints. The adhesive in weld bonding also seals the crevice, helping to avoid corrosion. There are two main ways of implementing the weld-bonding process. In the "weld-through" method, the adhesive is applied to the faying surfaces and the two sheets are assembled before spot welding. In contrast, in the "flow-in" method, the two sheets are spot welded first and then the adhesive is applied (flows) into the joint.
Regarding welding between zinc-coated steel and aluminum, Zhang et al. [16] found that plain resistance spot welding generally causes the formation of a brittle IMC layer, with thickness of the order of 5 µm. The IMC layer is formed at the interface between steel and aluminum, due to the reaction between liquid aluminum and solid steel, and the main IMC phases are Fe 2 Al 5 on the steel side and FeAl 3 (or Fe 4 Al 13 ) on the aluminum alloy side, the former being thicker than the latter. The morphology and thickness of the IMC layer depends on the process parameters and on the distance from the spot axis; in particular, the thickness is generally higher at the spot center and lower on its outer boundary.
In the last few years, the General Motors car-building group patented three hybrid spot welding methods for automotive applications. Unfortunately, no mechanical properties were reported. The first method, patented by Yang et al. [17] , uses a ring-shaped electrode on the aluminum alloy side (Figure 3 ), which causes an increment of current density on the steel side. The different current density allows the concentration of heat on a smaller zone in the steel side than in the aluminum side. Therefore, the maximum temperature is attained inside the steel side, together with a high thermal gradient. At the end of the heating stage, the thermal gradient ensures the directional solidification of the aluminum (steel is not melted). Due to the directional solidification, the weld defects are driven in the center of the joint, where they are less likely to compromise the structural stability of the joint.
In the last few years, the General Motors car-building group patented three hybrid spot welding methods for automotive applications. Unfortunately, no mechanical properties were reported.
The first method, patented by Yang et al. [17] , uses a ring-shaped electrode on the aluminum alloy side (Figure 3 ), which causes an increment of current density on the steel side. The different current density allows the concentration of heat on a smaller zone in the steel side than in the aluminum side. Therefore, the maximum temperature is attained inside the steel side, together with a high thermal gradient. At the end of the heating stage, the thermal gradient ensures the directional solidification of the aluminum (steel is not melted). Due to the directional solidification, the weld defects are driven in the center of the joint, where they are less likely to compromise the structural stability of the joint. Resistance spot welding using a ring-shaped electrode on the aluminum alloy side: overview (a) and ring-shaped electrode (b) [17] .
The second method was patented by Sigler et al. [18] , and is shown in Figure 4 ; it makes use of a removable metal cover applied between the electrode and the aluminum sheet. The cover is made of an alloy which has a higher resistivity than aluminum (e.g., stainless steel, niobium, or tungsten), in order to generate more heat on the aluminum side. This method also affects the solidification behavior of the molten aluminum pool situated at the faying interface. The metal cover balances the heat generated through the workpiece, avoiding the accumulation of defects on the contact interface by confining them inside the weld nugget. The metal cover is fixed on the welding electrode, and can be used for one or more welding processes. When the cover is worn out, special tools are used to remove it from the weld electrode. The third method, also patented by Sigler et al. [19] , employs a multi-stage process of welding. The stages are: (1) electrical current flows between the steel and aluminum workpiece generating heat and melting a portion of aluminum located at the interface. ( 2) The electrical current is interrupted, allowing the melted aluminum to cool and solidify, forming the weld nugget. (3) The current restart to flow and the weld nugget (or at least a portion of it close to the contact interface) is re-melted. (4) The re-melted nugget cools and solidifies again. It is believed that this stage allows the minimization of weld defects, reducing the junction weakness. An optional stage, done between the third and fourth stages, consists of the expulsion of a portion of the molten aluminum along the Resistance spot welding using a ring-shaped electrode on the aluminum alloy side: overview (a) and ring-shaped electrode (b) [17] .
The second method was patented by Sigler et al. [18] , and is shown in Figure 4 ; it makes use of a removable metal cover applied between the electrode and the aluminum sheet. The cover is made of an alloy which has a higher resistivity than aluminum (e.g., stainless steel, niobium, or tungsten), in order to generate more heat on the aluminum side. This method also affects the solidification behavior of the molten aluminum pool situated at the faying interface. The metal cover balances the heat generated through the workpiece, avoiding the accumulation of defects on the contact interface by confining them inside the weld nugget. The metal cover is fixed on the welding electrode, and can be used for one or more welding processes. When the cover is worn out, special tools are used to remove it from the weld electrode.
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General Motors started the first production application of hybrid aluminum-steel spot welding on a seatback frame part for the Cadillac CT6 car model [20] , probably by using a combination of these patented methods.
Another recent approach is to use a process tape between the electrode and the workpiece. The process tape is a thin metal strip, which is moved on after each spot. All else being equal, the process tape is expected to increase the electrode's life, decrease the spot indentation, and increase the heat input. The latter effect arises because the resistivity of the process tape is higher than that of the workpiece, and especially of the aluminum alloy sheets (similarly to the aforementioned removable cover technique). The process tape technique was introduced by a welding equipment supplier (Fronius, Austria), mainly for homologous welding, with the trade name "Delta-Spot", and has been recently proposed for hybrid welding.
Kim et al. [21] tested several Cu alloy tapes and Cr-Ni alloy tapes on the steel and aluminum side, respectively, while welding DP590 steel grade to 5052 aluminum alloy, and reported a 64% increase of the cross-tensile strength in respect to RSW without process tape.
Che et al. [22] used carbon steel and stainless steel tapes on the steel and aluminum sides, respectively, while welding DP980 steel grade to 5083 aluminum alloy, and reported an 11% increase of the tensile shear strength. They also observed an IMC layer at the steel/aluminum alloy interface, and confirmed that the main IMC phases are Fe 2 Al 5 on the steel side and Fe 4 Al 13 on the aluminum alloy side, with the former being overall prevalent.
Resistance Spot Welding with Cover Plate
The cover plate method, which was investigated by Qiu et al. [23, 24] generates greater heat input into the metal sheets despite the high electric conductivity of the aluminum. An example of an Al-Fe junction, obtained by the cover plate method, is shown in Figure 5 . interface between the two sheets, obtained by increasing the mechanical pressure, making it possible to eliminate the defects from the interface and to increase the welding strength of the joint. General Motors started the first production application of hybrid aluminum-steel spot welding on a seatback frame part for the Cadillac CT6 car model [20] , probably by using a combination of these patented methods.
Che et al. [22] used carbon steel and stainless steel tapes on the steel and aluminum sides, respectively, while welding DP980 steel grade to 5083 aluminum alloy, and reported an 11% increase of the tensile shear strength. They also observed an IMC layer at the steel/aluminum alloy interface, and confirmed that the main IMC phases are Fe2Al5 on the steel side and Fe4Al13 on the aluminum alloy side, with the former being overall prevalent.
The cover plate method, which was investigated by Qiu et al. [23, 24] generates greater heat input into the metal sheets despite the high electric conductivity of the aluminum. An example of an Al-Fe junction, obtained by the cover plate method, is shown in Figure 5 . Because of the low resistivity of the aluminum alloys, a large electric current is normally required to generate enough heat to join together aluminum and steel sheets. The high current density causes a reduction of the electrode's tip life, affecting the production costs. A solution to these problems is provided by using a steel cover plate placed on top of the aluminum sheet so that both electrodes act on steel layers. The high electrical resistivity of the steel cover plate guarantees greater generation of heat close to the melting zone, allowing the formation of a welding nugget with a large diameter. Furthermore, the low thermal conductivity of the steel reduces the heat loss Because of the low resistivity of the aluminum alloys, a large electric current is normally required to generate enough heat to join together aluminum and steel sheets. The high current density causes a reduction of the electrode's tip life, affecting the production costs. A solution to these problems is provided by using a steel cover plate placed on top of the aluminum sheet so that both electrodes act on steel layers. The high electrical resistivity of the steel cover plate guarantees greater generation of heat close to the melting zone, allowing the formation of a welding nugget with a large diameter. Furthermore, the low thermal conductivity of the steel reduces the heat loss Qiu et al. [23, 24] carried out joining experiments between A5052 aluminum alloy and SPCC cold rolled steel, both having 1 mm thickness. The nugget diameters and the mechanical properties were affected by the current density. Good results were achieved by 11kA current, obtaining a nugget diameter of about 9.5 mm. Concerning the formation IMCs, it was found that they do not affect the tensile shear strength while they greatly affect the cross tensile strength. Similarly to plain RSW, the interfacial IMC layer was formed mainly by a thin (≈ 0.2 µm) layer of FeAl 3 (or Fe 4 Al 13 ) fine crystals on the aluminum alloy side, and by a thicker layer (≈ 3 µm) of Fe 2 Al 5 large grains on the steel side.
Resistance Spot Welding with Interlayer
Several RSW processes based on the use of an interlayer between the aluminum alloy and steel sheets have been proposed.
Zhang et al. [25] used a 0.3 mm thick, 12% Si aluminum alloy foil as an interlayer between zinc-coated, 1.0 mm thick, H220YD steel sheets and 1.5 mm thick, 6008 aluminum alloy sheets. They obtained a thin IMC layer (0.5 -1.5 µm), as well as a maximum tensile shear load of 6.2 kN; however, fractures always occurred the IMC layer. Ibrahim et al. [26] also achieved an efficient spot joint by using a thin Al -20% Mg alloy interlayer, ensuring better tensile and fatigue properties compared to Al-steel joints without a welded interlayer under the same welding conditions.
In most instances, however, a bimetallic interlayer, such as an aluminum clad steel sheet, has been used to increase the compatibility between the steel and the aluminum alloy and, therefore, the mechanical properties of the metal joint. This transition element is normally fabricated by roll bonding, a solid-state welding technique which is explained in Chapter 5.
In order to achieve a suitable joint, Haynes et al [27, 28] and Oikawa et al. [29] found that the thickness of the aluminum cladding should be 40% to 60% of the total thickness of the bimetallic sheet. An example of this welding method is shown in Figure 6 .
Qiu et al. [23, 24] carried out joining experiments between A5052 aluminum alloy and SPCC cold rolled steel, both having 1 mm thickness. The nugget diameters and the mechanical properties were affected by the current density. Good results were achieved by 11kA current, obtaining a nugget diameter of about 9.5 mm. Concerning the formation IMCs, it was found that they do not affect the tensile shear strength while they greatly affect the cross tensile strength. Similarly to plain RSW, the interfacial IMC layer was formed mainly by a thin (≈ 0.2 μm) layer of FeAl3 (or Fe4Al13) fine crystals on the aluminum alloy side, and by a thicker layer (≈ 3 μm) of Fe2Al5 large grains on the steel side.
Zhang et al. [25] used a 0.3 mm thick, 12% Si aluminum alloy foil as an interlayer between zinc-coated, 1.0 mm thick, H220YD steel sheets and 1.5 mm thick, 6008 aluminum alloy sheets. They obtained a thin IMC layer (0.5 -1.5 μm), as well as a maximum tensile shear load of 6.2 kN; however, fractures always occurred the IMC layer. Ibrahim et al. [26] also achieved an efficient spot joint by using a thin Al -20% Mg alloy interlayer, ensuring better tensile and fatigue properties compared to Al-steel joints without a welded interlayer under the same welding conditions.
In order to achieve a suitable joint, Haynes et al [27, 28] and Oikawa et al. [29] found that the thickness of the aluminum cladding should be 40% to 60% of the total thickness of the bimetallic sheet. An example of this welding method is shown in Figure 6 . Aluminum cladding thickness of about 20% was also tested by Sun et al. [30] , but was not considered optimal for the joint mechanical properties.
Oikawa et al. [29] demonstrated that despite brittle IMCs of 5μm thickness are formed on the aluminum-steel cladding interface close to the spot axis, the strength of the joint is similar to that achieved by homologous aluminum-aluminum RSW joints. The main IMC phase was Fe2Al5, consistent with the aforementioned investigations on RSW joints (other phases, if any, were not investigated). Aluminum cladding thickness of about 20% was also tested by Sun et al. [30] , but was not considered optimal for the joint mechanical properties.
Oikawa et al. [29] demonstrated that despite brittle IMCs of 5µm thickness are formed on the aluminum-steel cladding interface close to the spot axis, the strength of the joint is similar to that achieved by homologous aluminum-aluminum RSW joints. The main IMC phase was Fe 2 Al 5 , consistent with the aforementioned investigations on RSW joints (other phases, if any, were not investigated).
An important advantage of this welding method was noted by Baboian and Haynes [31] . They reported that the bimetallic interlayer leads to the creation of a junction with high corrosion resistance, because only aluminum-aluminum and steel-steel crevices are formed, not aluminum-steel ones.
Resistance Element Welding
Meschut et al. [32, 33] and Ling et al. [34, 35] have investigated a variant of the resistance spot welding method, called resistance element welding (REW), in which the aluminum and steel sheets are joined by a steel rivet, which is welded on the steel sheet.
First, a hole is drilled or pierced in the aluminum sheet. Subsequently, as shown in Figure 7a , the rivet (having about the same radius) is placed inside the hole and put in contact with the bottom steel sheet. After that, spot welding is performed between the rivet and steel sheet. As a result, a suitable weld nugget is formed between the rivet and the steel sheet, and both are mechanically interlocked with the aluminum sheet (Figure 7b ). An important advantage of this welding method was noted by Baboian and Haynes [31] . They reported that the bimetallic interlayer leads to the creation of a junction with high corrosion resistance, because only aluminum-aluminum and steel-steel crevices are formed, not aluminum-steel ones.
First, a hole is drilled or pierced in the aluminum sheet. Subsequently, as shown in Figure 7a , the rivet (having about the same radius) is placed inside the hole and put in contact with the bottom steel sheet. After that, spot welding is performed between the rivet and steel sheet. As a result, a suitable weld nugget is formed between the rivet and the steel sheet, and both are mechanically interlocked with the aluminum sheet (Figure 7b The current density for this process in generally lower than for spot welding between aluminum and steel. Moreover it is possible to avoid the cleaning of the contact surfaces before the joining process, and the steel sheet need not be galvanized.
Under an optimized welding process, the weld nugget will be strong enough to avoid any interfacial fracture. The fracture will thus occur in the (weaker) aluminum alloy sheet.
Resistance element welding is already applied in the automotive industry for the realization of the parcel shelf of the Volkswagen Passat B8 sedan [3, 4] .
Laser Beam Welding
Laser welding creates a continuous seam weld while minimizing the width of the heat-affected zone (which may help to decrease the roughness of the welded surface and to increase the mechanical performance). Laser material processing techniques were reviewed by Ready et al. [36] . In automotive assembly lines, a laser beam coming from a remote source can be guided and focused on the workpiece, achieving high welding speeds and productivity. This method, which is called remote laser welding, has been reviewed by Zaeh et al. [37] , and is used for a wide range of automotive applications such as closures, pillars, and seats. The current density for this process in generally lower than for spot welding between aluminum and steel. Moreover it is possible to avoid the cleaning of the contact surfaces before the joining process, and the steel sheet need not be galvanized.
Laser welding creates a continuous seam weld while minimizing the width of the heat-affected zone (which may help to decrease the roughness of the welded surface and to increase the mechanical performance). Laser material processing techniques were reviewed by Ready et al. [36] . In automotive assembly lines, a laser beam coming from a remote source can be guided and focused on the workpiece, achieving high welding speeds and productivity. This method, which is called remote laser welding, has been reviewed by Zaeh et al. [37] , and is used for a wide range of automotive applications such as closures, pillars, and seats.
Laser welding in the automotive industry is presently limited to homologous welding, but several investigations have been made at the laboratory scale on the issue of dissimilar laser welding. Regarding welding between zinc-coated steel and aluminum, for automotive applications, different techniques have emerged in the scientific literature: keyhole welding, conduction mode welding, reactive wetting and welding with filler metal.
In the keyhole welding method, proposed by Sierra et al. [38] , the laser is focused onto the steel side, a keyhole is formed, and both metals are melted; this is illustrated schematically in Figure 8 . Kouadri-David [13] observed that the fusion zone exhibit a large iron fraction, which is beneficial because the iron-rich phases in the iron-aluminum system are less brittle than the aluminum rich ones. Yan et al. [39] found that the thickness of the IMC layer is of the order of 10 µm. Yan et al. [39] and Torkamany et al. [40] performed welding tests with various combinations of process parameters, including pulsed and continuous laser sources. The joint tensile shear strength achieved by Yan et al. [39] was up to about 50% of that of the aluminum alloy sheet. Thin metallic strips (such as nickel and copper) can also be used between aluminum and steel sheets, making it possible to achieve better tensile force and toughness.
After keyhole welding, Sierra et al. [38] identified the FeAl phase in the weld metal, and the FeAl 3 and Fe 2 Al 5 intermetallic compounds at the interface between the weld metal and the aluminum alloy base metal. Laser welding in the automotive industry is presently limited to homologous welding, but several investigations have been made at the laboratory scale on the issue of dissimilar laser welding. Regarding welding between zinc-coated steel and aluminum, for automotive applications, different techniques have emerged in the scientific literature: keyhole welding, conduction mode welding, reactive wetting and welding with filler metal.
In the keyhole welding method, proposed by Sierra et al. [38] , the laser is focused onto the steel side, a keyhole is formed, and both metals are melted; this is illustrated schematically in Figure 8 . Kouadri-David [13] observed that the fusion zone exhibit a large iron fraction, which is beneficial because the iron-rich phases in the iron-aluminum system are less brittle than the aluminum rich ones. Yan et al. [39] found that the thickness of the IMC layer is of the order of 10 μm. Yan et al. [39] and Torkamany et al. [40] performed welding tests with various combinations of process parameters, including pulsed and continuous laser sources. The joint tensile shear strength achieved by Yan et al. [39] was up to about 50% of that of the aluminum alloy sheet. Thin metallic strips (such as nickel and copper) can also be used between aluminum and steel sheets, making it possible to achieve better tensile force and toughness.
After keyhole welding, Sierra et al. [38] identified the FeAl phase in the weld metal, and the FeAl3 and Fe2Al5 intermetallic compounds at the interface between the weld metal and the aluminum alloy base metal. In contrast, the conduction mode welding method is based on the different melting temperatures between steel and aluminum (respectively ≈ 1538 and ≈ 660 °C). A defocused laser beam acts on the steel side with a low power density, keeping the steel in the solid state (at least at the aluminum/steel interface), but melting the adjacent aluminum, as shown in Figure 9 . The reaction of molten aluminum and solid steel connects the two sides. This method was investigated by Fan et al. [41] and by Meco, Pardal et al. [14, 42, 43] . Moreover, in the reactive wetting method, the laser beam is focused on the aluminum alloy sheet, and the liquid aluminum alloy reacts with the underlying solid steel surface. This method was investigated by Peyre, Sierra et al. [44, 45] , Kouadri-David [13] and Weller et al. [46] . In contrast, the conduction mode welding method is based on the different melting temperatures between steel and aluminum (respectively ≈ 1538 and ≈ 660 • C). A defocused laser beam acts on the steel side with a low power density, keeping the steel in the solid state (at least at the aluminum/steel interface), but melting the adjacent aluminum, as shown in Figure 9 . The reaction of molten aluminum and solid steel connects the two sides. This method was investigated by Fan et al. [41] and by Meco, Pardal et al. [14, 42, 43] . Laser welding in the automotive industry is presently limited to homologous welding, but several investigations have been made at the laboratory scale on the issue of dissimilar laser welding. Regarding welding between zinc-coated steel and aluminum, for automotive applications, different techniques have emerged in the scientific literature: keyhole welding, conduction mode welding, reactive wetting and welding with filler metal.
After keyhole welding, Sierra et al. [38] identified the FeAl phase in the weld metal, and the FeAl3 and Fe2Al5 intermetallic compounds at the interface between the weld metal and the aluminum alloy base metal. In contrast, the conduction mode welding method is based on the different melting temperatures between steel and aluminum (respectively ≈ 1538 and ≈ 660 °C). A defocused laser beam acts on the steel side with a low power density, keeping the steel in the solid state (at least at the aluminum/steel interface), but melting the adjacent aluminum, as shown in Figure 9 . The reaction of molten aluminum and solid steel connects the two sides. This method was investigated by Fan et al. [41] and by Meco, Pardal et al. [14, 42, 43] . Moreover, in the reactive wetting method, the laser beam is focused on the aluminum alloy sheet, and the liquid aluminum alloy reacts with the underlying solid steel surface. This method was investigated by Peyre, Sierra et al. [44, 45] , Kouadri-David [13] and Weller et al. [46] . Moreover, in the reactive wetting method, the laser beam is focused on the aluminum alloy sheet, and the liquid aluminum alloy reacts with the underlying solid steel surface. This method was investigated by Peyre, Sierra et al. [44, 45] , Kouadri-David [13] and Weller et al. [46] .
A similar technique involves the use of a filler alloy, which is most commonly an aluminum alloy with 5% or 12% silicon. In this case, the joint is obtained by fusion welding on the aluminum side, and by the reaction between the liquid filler alloy and the solid steel surface, on the steel side. Both lap welding and butt welding are possible; the former was investigated by Sierra et al. [47] and Mathieu et al. [48, 49] , the latter by Sun et al. [50] , Zhang et al. [51] , and Li, Xia, Tan et al. [52] [53] [54] [55] [56] .
Sierra et al. [47] used aluminum potassium fluoride as a flux, and Fan et al. [41] used special tools. Pardal et al. [42] reported that the mechanical properties of the joint could be increased by 25% if the steel surface is treated beforehand with a pulsed laser to create a particular surface texture, which increases the junction area.
In both conduction mode welding and reactive welding, IMC interfacial layers are formed as a consequence of the reaction between liquid aluminum alloy and solid steel. After heat conduction welding, Meco, Pardal et al. [14, 42] observed a thicker Fe 2 Al 5 layer on the steel side and a thinner FeAl 3 layer on the aluminum alloy side. After reactive wetting, Peyre, Sierra et al. [44, 45] and Kouadri-David et al. [13] observed an IMC layer formed mainly by Fe 2 Al 5 , and Peyre et al. [44] also observed smaller FeAl 3 crystals on the aluminum alloy side in some instances.
The zinc layer is beneficial in reactive welding techniques, because it increases the wettability of liquid aluminum on solid steel. In contrast, the zinc layer is sometimes detrimental in the keyhole technique, because its evaporation may cause porosities and defects in the fusion zone. Kouadri-David et al. [13] used a strictly controlled gap between the two sheets in order to provide an exit route for the zinc vapor, avoiding the latter problem.
Arc Welding
Electric arc welding, similarly to laser beam welding, has been applied in the automotive industry between homologous materials (usually steel), but not commonly for dissimilar metal couples. In general, conventional arc welding is expected to be less effective than laser welding for dissimilar couples, because it generally results in a larger heat input. The latter causes the formation of a thicker intermetallic layer at the interface between steel and aluminum.
However, a pulsed arc welding technique has been recently developed and commercialized by a welding equipment supplier (Fronius, Austria), specifically for dissimilar welding, and in particular for the steel-aluminum couple. This method is similar to gas-metal arc welding, but it uses a pulsed electric current synchronized with a discontinuous wire feed system in order to minimize the heat input for the same amount of filler material input. This technique has been tested in the last years by Zhang et al. [57, 58] , Lin et al. [59] , and Yang et al. [60] , as well as by some car makers, but has not been widely adopted for industrial production yet.
Suitable alloy fillers are used for hybrid arc welding applications in order to minimize the formation of IMCs (see discussion above, chapter 2.1). In particular the Al -5% Si and Al -12% Si filler alloys are commonly used, and were investigated by Zhang et al. [57] , Dong et al. [9] , Lin et al. [59] . Alternatively, and Dong et al. [9] also investigated Zn -15% Al alloys.
Zhang et al. [57] found that Fe 2 Al 5 was the main IMC phase, and also observed smaller amounts of FeAl 2 and FeAl 3 where the heat input had been greater.
Solid-State Welding
Introduction
The mechanically most effective joining method for the Fe/Al couple is solid state joining by means of explosive impact welding, magnetic pulse impact welding, roll bonding, or friction stir welding. These technologies can provide a direct metal-to-metal contact with adequate pressure, and hence, yield a permanent metallic bond, while the limited temperature increase and the near-absence of liquid metal hinder the development of IMCs.
Explosion Welding and Transition Joints
In the explosion welding process, a "flyer" metal sheet is accelerated by an explosion, and collides at high speed with a "parent" metal sheet, cleaning the surfaces of oxides and contaminants and facilitating metallic bonding. Therefore, there is no external heating and the weld is achieved primarily due to the high collision speed. Findik [61] recently reviewed the fundamental parameters and recent development of this process.
Straight, IMC-free, diffusionless steel/aluminum alloy junctions can be obtained by explosive welding, as confirmed by Acarer [62] . In contrast, Tricarico and Spina [63] found isolated IMC-rich regions on wavy interfaces (the occurrence of straight or wavy interfaces depends mainly on the detonation speed).
Unfortunately, explosive welding is not suitable to be directly applied in the car industry, because of geometrical limitations and of safety concern on the use of explosives. However, pre-fabricated Fe/Al transition joints have been employed for a long time in the shipbuilding industry. These joint are bimetallic strips, which are cut from large explosive-welded plates, perpendicularly to the welding plane. They are mounted in between the steel hull or deck and the aluminum alloy superstructure, and are conventionally welded on both sides ( Figure 10 ). In the explosion welding process, a "flyer" metal sheet is accelerated by an explosion, and collides at high speed with a "parent" metal sheet, cleaning the surfaces of oxides and contaminants and facilitating metallic bonding. Therefore, there is no external heating and the weld is achieved primarily due to the high collision speed. Findik [61] recently reviewed the fundamental parameters and recent development of this process.
Unfortunately, explosive welding is not suitable to be directly applied in the car industry, because of geometrical limitations and of safety concern on the use of explosives. However, pre-fabricated Fe/Al transition joints have been employed for a long time in the shipbuilding industry. These joint are bimetallic strips, which are cut from large explosive-welded plates, perpendicularly to the welding plane. They are mounted in between the steel hull or deck and the aluminum alloy superstructure, and are conventionally welded on both sides ( Figure 10 ). A similar concept, albeit with smaller bimetallic strips and different base material, could in principle be applied in the car industry.
A key feature of transition joints is their resistance to the formation of IMCs on the original bimetallic interface during the heating caused by the subsequent conventional welding processes performed on their sides.
As reported by Han et al. [64] , Aceves et al. [65] , and Sherpa et al. [66] , a suitable non-ferrous layer can be placed between the aluminum and steel plates in order to improve the weldability and minimize the IMCs formation during the explosion welding process. Furthermore, the same interlayer can be useful to hinder the formation of IMCs during the secondary arc or laser welding processes performed on the sides of the transition joint Usually, ductile materials such as 1000-series aluminum alloy, titanium (Figure 11 ), or tantalum, are used as interlayers allowing the creation of a strong joint between aluminum and steel due to high deformation during explosion propagation. Indeed Han et al. [64] demonstrated that it is difficult to weld together 5000-series aluminum alloys and stainless steel without using a thin sheet of 1000-series aluminum. Aceves et al. [65] used both titanium and tantalum as interlayer. The highest strength joints are achieved using Titanium interlayer, while tantalum creates a joint with better ductility. Furthermore, the titanium interlayer does not allow the formation of IMCs during secondary welding.
The mechanical properties of transition joints are influenced by their interlayer. According to suppliers [67, 68] , shipbuilding-grade, explosion-welded transition joints, between a low carbon steel and a 5000-series aluminum alloy, with a 1000-series aluminum alloy interlayer, exhibit the following mechanical properties. The ultimate tensile strength (normal to the joining plane) is A similar concept, albeit with smaller bimetallic strips and different base material, could in principle be applied in the car industry.
The mechanical properties of transition joints are influenced by their interlayer. According to suppliers [67, 68] , shipbuilding-grade, explosion-welded transition joints, between a low carbon steel and a 5000-series aluminum alloy, with a 1000-series aluminum alloy interlayer, exhibit the following mechanical properties. The ultimate tensile strength (normal to the joining plane) is 125-180 MPa on average, and the ultimate shear strength (on the joining plane) is 95 MPa on average, in the as-fabricated condition. The minimum (guaranteed) values are 80 and 60 MPa, respectively. However, if the joint undergoes heating above 315 • C, these properties will sharply decrease (due to IMC formation). For a similar material, Tricarico and Spina [63] reported ultimate tensile strength up to 235 MPa on selected joints. By comparison, on the basis of manufacturer specifications [69] , transition joint formed with a titanium interlayer offer a minimum tensile strength of 220 MPa, and can retain a minimum tensile strength of 140 MPa after 24 h at 550 • C. respectively. However, if the joint undergoes heating above 315 °C, these properties will sharply decrease (due to IMC formation). For a similar material, Tricarico and Spina [63] reported ultimate tensile strength up to 235 MPa on selected joints. By comparison, on the basis of manufacturer specifications [69] , transition joint formed with a titanium interlayer offer a minimum tensile strength of 220 MPa, and can retain a minimum tensile strength of 140 MPa after 24 h at 550 °C. Figure 11 . Cross section of an explosion welded joint between a steel and an aluminum alloy, with a titanium interlayer.
Magnetic Pulse Welding
In the magnetic pulse welding process, metallic bonding is also obtained by the collision of a flyer metal sheet on a parent metal sheet, as in explosion welding, but the flyer is accelerated by the magnetic field resulting from a pulsed current passing through a coil (Figure 12 ). Compared to explosion welding, this technique is more amenable to the car industry, because different welding geometries can be achieved by using special coils and tools, and because it does not require the use of hazardous materials.
A pressure exceeding the yield stress of the flyer material must be achieved in the process. This pressure is ultimately reliant on eddy currents in the flyer, and thus, on its electrical conductivity. The impact pressure is primarily influenced by the frequency of the system, the electrical conductivity and magnetic permeability of the flyer, as well as the initial proximity of the flyer to the coil, and the electric current density in the coil. 
In the magnetic pulse welding process, metallic bonding is also obtained by the collision of a flyer metal sheet on a parent metal sheet, as in explosion welding, but the flyer is accelerated by the magnetic field resulting from a pulsed current passing through a coil (Figure 12 ). Compared to explosion welding, this technique is more amenable to the car industry, because different welding geometries can be achieved by using special coils and tools, and because it does not require the use of hazardous materials. respectively. However, if the joint undergoes heating above 315 °C, these properties will sharply decrease (due to IMC formation). For a similar material, Tricarico and Spina [63] reported ultimate tensile strength up to 235 MPa on selected joints. By comparison, on the basis of manufacturer specifications [69] , transition joint formed with a titanium interlayer offer a minimum tensile strength of 220 MPa, and can retain a minimum tensile strength of 140 MPa after 24 h at 550 °C. Figure 11 . Cross section of an explosion welded joint between a steel and an aluminum alloy, with a titanium interlayer.
A pressure exceeding the yield stress of the flyer material must be achieved in the process. This pressure is ultimately reliant on eddy currents in the flyer, and thus, on its electrical conductivity. The impact pressure is primarily influenced by the frequency of the system, the electrical conductivity and magnetic permeability of the flyer, as well as the initial proximity of the flyer to the coil, and the electric current density in the coil. A pressure exceeding the yield stress of the flyer material must be achieved in the process. This pressure is ultimately reliant on eddy currents in the flyer, and thus, on its electrical conductivity.
The impact pressure is primarily influenced by the frequency of the system, the electrical conductivity and magnetic permeability of the flyer, as well as the initial proximity of the flyer to the coil, and the electric current density in the coil.
A wavy interface with few IMCs is created and joint strengths nearing or equal to those of the base material can be achieved. The most common application is welding of circular symmetrical structures such as tube-flange joints, due to the high inner field concentration inside closed circular coils. Recent developments have revealed the possibility of flat sheet lap welding using the outer field of a flat coil on the flyer sheet side and a rigid backing on the parent sheet side. In particular, Aizawa [70, 71] , Watanabe et al. [72] , and Manogaran et al. [73] have shown that seam lap welding and spot lap welding of metal sheets are also possible. Several multi-material joint combinations that are relevant for the automotive industry have been successfully joined using magnetic pulse welding. For example, Watanabe et al. [72] and Lee et al. [74] fabricated Fe/Al joints.
The initial gap between the two sheets is important for the development of the welding interface. For example, Aizawa [70] found that without a gap, pre-cleaned surfaces and twice the electrical energy was needed. Manogaran et al. [73] proposed to pre-form the parts to-be-welded so that there is a gap between them, in order to avoid the need for costly positioning equipment or spacers between the two sheets.
The coil must both realize the appropriate magnetic field and undergo the reaction force that arises on the coil itself during the process (opposite to the force acting on the flyer plate). Various coil designs have been proposed; for example, Aizawa [70] used H-shaped flat coils, whereas Kore et al. [75] used tapered coils; more recently, Thibaudeau and Kinsey [76] developed more complex electromagnetic actuators which are capable of achieving a more uniform impact pressure.
Roll Bonding
Roll-bonding is a well-known solid-state joining method which involves high pressures in order to fabricate a bimetallic sheet. Aluminum coated steel is widely used in automotive application since offers high corrosion resistance properties of the aluminum coat combined to high mechanical properties of the steel substrate.
Several authors [77] [78] [79] [80] [81] have proposed the following mechanism. During cold rolling, the large plastic deformations that both metal sheets undergo cause the formation of micro-cracks in their brittle surface layers (which consist of strain hardened material, due to prior surface brushing, and/or of oxides). Through these cracks, virgin metals are extruded from the underneath sheets and come into direct contact, allowing the formation of atomic metallic bonds. Thickness reduction is an important factor to estimate the good joint formation, since by increasing the plastic deformation, a higher number of cracks are formed, improving the metal-to-metal contact. According to Akramifard et al. [79] and to Danesh Manesh et al. [81] , the minimum thickness reduction to achieve a suitable joint is 10%.
Annealing is commonly applied after roll bonding (mainly for improving the ductility after cold rolling), but the heat treatment temperature must not be too high; otherwise brittle IMCs can be formed at the interface, decreasing the adhesion of the strips. Movahedi et al. [78] found that the joint strength increases after the annealing treatment, up to 450 • C, and proposed that this may be due to improved ductility of both metals and to atomic interdiffusion. However, the same authors, as well as Akramifard et al. [79] , also found that if the annealing temperature is 500 • C or more, IMCs are formed and the joint strength decreases.
The roll bonding process is strongly restricted regarding the possible thickness combinations, because it requires a very large deformation of the original sheets for adequate joining. Therefore, roll bonding is used to produce thinner sheets than explosion welding. For this reason, cold-rolled transition joints can be used as interlayer for spot welding applications (see chapter 2.4). In contrast, they cannot normally be used as transition joints (see chapter 3.2), since the two ensuing welding lines would be too close to the original junction.
Some producers, such as Wickeder Westfalenstahl GmbH (Wickeder, Germany), can fabricate roll-bonded strips with a side-to-side geometry. In these strips, the left and right sides consist entirely of aluminum and steel, respectively, whereas the central portion consists of alternate layers of the two metals. Dissimilar roll bonding occurs only in the central portion of the strip, on the steel/aluminum interfaces parallel to the strip plane. Secondary welding operations can therefore be performed on the two sides at an adequate distance from the bimetallic interfaces. This approach, however, has not been used in industrial application, nor demonstrated in the scientific literature as yet.
Nezhad and Ardakani [77] found that warm rolling (at 150-400 • C) not only increases the bond strength, but also lowers the minimum plastic strain (or thickness reduction) that is needed for bonding. Therefore, warm rolling makes it possible to manufacture thicker sheets.
A laser-assisted roll-bonding process was developed by Pircher et al. [82] , in which the faying surface is heated by a laser beam immediately before roll bonding, achieving a suitable bond with a smaller deformation, and thus, making it possible to fabricate thicker bimetallic strips.
A similar process was more recently developed by the Fraunhofer Institute for Material and Beam Technology (Bremen, Germany), for manufacturing bi-metal strips. In this process, first, steel and aluminum alloy wires are roll formed to obtain a square cross section. Thereafter, the roll-formed wires are joined by roll bonding assisted by both laser and induction heating, yielding a thick bimetal strip with a rectangular cross section. Finally, the latter strip is rotated by 90 • around its axis (in respect to the prior roll bonding operation) and cold rolled, yielding a wide and thin strip, with steel on one side and aluminum on the other. These bi-metal strips have been used, at the laboratory level, as transition joints to fabricate steel-aluminum TWBs with good formability [83] .
Friction Stir Welding
Friction stir welding uses a rotating tool, which consists of a pin that penetrates into the material, and of a shoulder, which is in contact with the material surface. Heat is generated by friction and plastic deformation, and solid state welding is achieved by the combination of heat and pressure. Both lap welding ( Figure 13 ) and butt welding are possible. Moreover, the tool can be translated to form a continuous seam weld (conventional friction stir welding), or can be applied in a small region to form a spot weld (friction stir spot welding). This process was invented in 1991 by Thomas et al. [84] and, as reported in a comprehensive review by Mishra and Ma [85] , has undergone continual improvements ever since. It is now widespread, especially for aluminum alloys, including several applications in the automotive industry for similar alloy couples.
Friction stir welding, as well as friction stir spot welding, for the aforementioned reasons (i.e., very limited IMC formation due to solid state welding) can be particularly effective for dissimilar joints, and has been widely investigated for Fe/Al couples.
If bare steel is friction stir welded to aluminum, IMCs can be almost completely avoided. Kimapong and Watanabe [86] and Watanabe et al. [87] reported that IMCs were formed only in a limited region close to the tool shoulder. Similarly, Tanaka et al. [88] found that a very thin layer (less than 0.3 µm thick) could also be formed in some circumstances. In contrast, it is far more challenging to weld aluminum to zinc-coated steels owing to the low melting point eutectic reaction between zinc and aluminum. Nezhad and Ardakani [77] found that warm rolling (at 150-400 °C) not only increases the bond strength, but also lowers the minimum plastic strain (or thickness reduction) that is needed for bonding. Therefore, warm rolling makes it possible to manufacture thicker sheets.
A similar process was more recently developed by the Fraunhofer Institute for Material and Beam Technology (Bremen, Germany), for manufacturing bi-metal strips. In this process, first, steel and aluminum alloy wires are roll formed to obtain a square cross section. Thereafter, the roll-formed wires are joined by roll bonding assisted by both laser and induction heating, yielding a thick bimetal strip with a rectangular cross section. Finally, the latter strip is rotated by 90° around its axis (in respect to the prior roll bonding operation) and cold rolled, yielding a wide and thin strip, with steel on one side and aluminum on the other. These bi-metal strips have been used, at the laboratory level, as transition joints to fabricate steel-aluminum TWBs with good formability [83] .
If bare steel is friction stir welded to aluminum, IMCs can be almost completely avoided. Kimapong and Watanabe [86] and Watanabe et al. [87] reported that IMCs were formed only in a limited region close to the tool shoulder. Similarly, Tanaka et al. [88] found that a very thin layer (less than 0.3 μm thick) could also be formed in some circumstances. In contrast, it is far more challenging to weld aluminum to zinc-coated steels owing to the low melting point eutectic reaction between zinc and aluminum. Hybrid joints produced by friction stir welding have also already been introduced in the automotive industry on some rare occasions. In 2006, the Mazda Motor Corporation introduced friction stir welding process in the production in order to join galvanized steel studs to the aluminum inner-trunk panel [89] . Six years later, Honda Motor Co. Ltd. used overlap friction stir welding of aluminum to steel in the front subframe of the Accord model. This application, in which aluminum is positioned as the top and steel as the bottom layer, was reported by Kusuda et al. [1] and Ohhama et al. [2] . Hybrid joints produced by friction stir welding have also already been introduced in the automotive industry on some rare occasions. In 2006, the Mazda Motor Corporation introduced friction stir welding process in the production in order to join galvanized steel studs to the aluminum inner-trunk panel [89] . Six years later, Honda Motor Co. Ltd. used overlap friction stir welding of aluminum to steel in the front subframe of the Accord model. This application, in which aluminum is positioned as the top and steel as the bottom layer, was reported by Kusuda et al. [1] and Ohhama et al. [2] .
Friction stir spot welding is similar to friction stir welding, except that the tool either is not translated, or it is translated over a small region only, in order to create a pointwise joint. Connoly [90] reported that homologous friction stir spot welding has been successfully applied for joining aluminum sheets in the car industry, even if the cycle time is quite slow (3-5 s).
Several approaches have been reported for friction stir spot welding aluminum to steel. Liyanage et al. [91] used a conventional tool penetrating the bottom steel sheet. Miyagawa et al. [92] used a tool that only penetrates the softer Al top sheet. Dong et al. [93] used the refill technique, employing a two-part tool with a separate sleeve and pin that can refill the hole left by the probe. Finally, Chen et al. [94] investigated the "abrasion circle" technique, in which the tool is translated through a circular path.
Friction Bit Joining
A new method, also based on solid state welding, is called Friction Bit Joining (FBJ) or Friction Element Welding (FEW); it involves a consumable bit as the junction material between aluminum and steel sheet ( Figure 14 ). This method is presently used in the automotive sector in a few cases; in particular, Alber [95] reported that it is used for some components the of Audi A4 and Audi A8 car models.
The FBJ method employs two main stages: the first consists of cutting and penetrating the top material, i.e., the aluminum alloy sheet, using a rotating bit under axial load. During the second stage, the bit rotation speed is increased in order to enhance the heat between the bit and the steel layer underneath. The junction is achieved by the effect of the friction and the plastic deformation of the bit over the steel layer [96] , i.e., by friction welding. Similarly to the case of the resistance element welding (see above, chapter 2.5), the steel sheet is welded to the steel rivet, whereas the aluminum sheet is mechanically joined. In the FBJ case, however, the deformation of the aluminum side also contributes to the mechanical interlock.
Squires et al. [97] reported that by using a steel bit, it is possible to achieve more than twice the lap shear fracture stress of self-piercing riveting (SPR). In addition, Alber [95] showed that FBJ is one of the few methods that allows the joining of aluminum with high-strength steel such as 22MnB4. Several approaches have been reported for friction stir spot welding aluminum to steel. Liyanage et al. [91] used a conventional tool penetrating the bottom steel sheet. Miyagawa et al. [92] used a tool that only penetrates the softer Al top sheet. Dong et al. [93] used the refill technique, employing a two-part tool with a separate sleeve and pin that can refill the hole left by the probe. Finally, Chen et al. [94] investigated the "abrasion circle" technique, in which the tool is translated through a circular path.
Squires et al. [97] reported that by using a steel bit, it is possible to achieve more than twice the lap shear fracture stress of self-piercing riveting (SPR). In addition, Alber [95] showed that FBJ is one of the few methods that allows the joining of aluminum with high-strength steel such as 22MnB4. The joining bits are made with medium-carbon or tool steel, with hardness between 20 and 50 HRC, sufficient to cut the aluminum layer. For example, one research group, at the Young University, Utah, USA, used either the 4140 medium carbon, low-alloy steel grade [97] [98] [99] [100] , or the D2 tool steel grade [96] .
The joint strength is a function of process parameters, e.g., bit hardness, rotation speed, The joining bits are made with medium-carbon or tool steel, with hardness between 20 and 50 HRC, sufficient to cut the aluminum layer. For example, one research group, at the Young University, Utah, USA, used either the 4140 medium carbon, low-alloy steel grade [97] [98] [99] [100] , or the D2 tool steel grade [96] .
The joint strength is a function of process parameters, e.g., bit hardness, rotation speed, penetration speed, and bit design. Zebisch and Mielisch [101] patented a special bit design. Miles et al. [99] , by using another bit design, achieved an average lap shear of 6.5 kN, after process optimization, between 1.8 mm thick AA 5754-O and 1,4 mm thick DP 980.
This method, like other spot welding and riveting technologies, can also be used with the addition of epoxy-based thermoplastic adhesives as sealants materials. This leads to better mechanical properties and corrosion resistance than the same junction without adhesive materials. Squires et al. [97] found that the lap shear stress can increase by 50% if a 300 µm thick adhesive layer is applied; the adhesive was applied before FBJ and cured afterward. Lim et al. [100, 102] reported that weld-bonded specimens show better corrosion resistance than FBJ only specimens, maintaining more than 80% of the original lap shear stress after a whole corrosion cycle. In corrosive environments, the galvanic corrosion affects mainly the bit/steel interfacial contact rather than the steel/aluminum contact, causing interfacial failure. The presence of the sealant material allows the protection of the bit/steel interface, decreasing the chance of interfacial failure.
Ultrasonic Spot Welding
Ultrasonic spot welding (USW, Figure 15 ) is a solid-state welding process developed and used since 1950. It involves a translation motion between opposite metal sheets, which creates local deformation and heat generation sufficient to bonding. For example, Daniels et al. [103] applied this method to weld microelectronic components. Squires et al. [97] found that the lap shear stress can increase by 50% if a 300 μm thick adhesive layer is applied; the adhesive was applied before FBJ and cured afterward. Lim et al. [100, 102] reported that weld-bonded specimens show better corrosion resistance than FBJ only specimens, maintaining more than 80% of the original lap shear stress after a whole corrosion cycle. In corrosive environments, the galvanic corrosion affects mainly the bit/steel interfacial contact rather than the steel/aluminum contact, causing interfacial failure. The presence of the sealant material allows the protection of the bit/steel interface, decreasing the chance of interfacial failure.
Ultrasonic spot welding (USW, Figure 15 ) is a solid-state welding process developed and used since 1950. It involves a translation motion between opposite metal sheets, which creates local deformation and heat generation sufficient to bonding. For example, Daniels et al. [103] applied this method to weld microelectronic components. A high frequency generator supplies electrical energy that is converted by a piezoelectric transductor into mechanical vibration of the same frequency. These vibrations pass through two sonotrode tips and, as reported by Gould [104] , can act on the metal sheets in two way. The first mode is called "push-pull" and the vibrations are developed by the linear oscillations that occur on the same axis of action. The second mode is called "torsional" and involves torsional movement of the sonotrodes in order to allow the junction formation. Regarding frequency, Chen et al. [105] reported that 20 kHz are effective for joining aluminum to aluminum. Moreover, several authors, [106] [107] [108] [109] found that the same frequency is also effective for the steel-aluminum joints.
Special sonotrode tips have been developed both for the steel side and the aluminum side. In particular, Bakavos and Prangnell [106] and Prangnell et al. [110] proposed flat serrated tips for the aluminum side and dome-shaped tips for the steel side.
The workpieces are kept in contact by a clamping force that presses them between the tips. Shakil et al. [111] found that the joint strength increases by increasing the clamping pressure, but high force values require a high power energy supply. Zhao et al. [109] , by applying a clamping pressure equal to 0.3 MPa, found that the influences of other parameters like process time and the wave amplitude are negligible.
Bakavos and Prangnell [106] were able to weld aluminum pieces between them in 0.3 s with a peak temperature of about 380 °C. In contrast, Watanabe et al. [112] and Prangnell et al. [110] reported that welding steel and aluminum requires more time, from 1 to 3 s, reaching temperature A high frequency generator supplies electrical energy that is converted by a piezoelectric transductor into mechanical vibration of the same frequency. These vibrations pass through two sonotrode tips and, as reported by Gould [104] , can act on the metal sheets in two way. The first mode is called "push-pull" and the vibrations are developed by the linear oscillations that occur on the same axis of action. The second mode is called "torsional" and involves torsional movement of the sonotrodes in order to allow the junction formation. Regarding frequency, Chen et al. [105] reported that 20 kHz are effective for joining aluminum to aluminum. Moreover, several authors, [106] [107] [108] [109] found that the same frequency is also effective for the steel-aluminum joints.
Bakavos and Prangnell [106] were able to weld aluminum pieces between them in 0.3 s with a peak temperature of about 380 • C. In contrast, Watanabe et al. [112] and Prangnell et al. [110] reported that welding steel and aluminum requires more time, from 1 to 3 s, reaching temperature higher than 500 • C. Since this is the threshold temperature of IMCs formation, Prangnell et al. [110] , as well as Patel et al. [113] , observed the embrittlement of the welded interface due to such phenomenon. Furthermore, by using zinc-coated steel, Patel et al. [113] and Haddadi [107] observed that the reaction between aluminum and zinc can lead to the formation of an eutectic Al-Zn film, that ultimately decreases the tensile strength.
Discussion and Conclusion
A comparison of the mechanical properties of the hybrid joints obtained between aluminum alloy and steel sheets by using different techniques is presented in Tables 1-3 hereafter. Whenever different process parameters were tested in the same study, only the optimal combination is here reported. This comparison is presented separately for spot, lap and butt welding. All the presented results are concerned with joints made between low carbon steel sheets with thicknesses in the range of 0.6 to 2.5 mm and 5000 or 6000 series aluminum alloy sheets with thicknesses in the range of 0.9 to 2.5 mm. The presence or absence of a zinc coating on the tested steel sheets before welding is also reported in Tables 1-3 .
The results of the spot-joining methods are reported in Table 1 , where the quasi-static tensile shear force is given together with the spot nugget diameter and the thickness of the IMC layer (if available), for each examined technique and materials couple. Concerning the resistance element welding and friction bit joining techniques, the rivet or bit diameter is given instead of the weld nugget diameter. The interlayer, cover plate, bit or rivet, if any, is also reported.
The tensile shear force achieved with the different methods varies between about 2 and 8 kN; however, if the same force is normalized against the thickness of the aluminum sheet, results become closer, i.e., between 1,8 and 4,7 kN/mm.
In the resistance spot welding methods, the thickness of the IMC interlayer is generally less than 5 µm and the tensile shear force is in the range of 4 to 8 kN.
The greatest tensile shear force was obtained by Resistance Spot Welding (RSW) by using a bimetallic (roll bonded) interlayer, even if the IMC layer was somewhat thicker than in plain RSW. If a roll-bonded interlayer is used, the IMC layer is probably less harmful because the steel/aluminum alloy interface (originally obtained by roll bonding) is larger than the spot itself, and presumably free from IMC outside of the spot region.
Conversely, the other modified RSW methods, i.e., the process tape and cover plate techniques, did not achieve significantly better results than plain (optimized) resistance spot welding, at least in terms of the tensile shear force. (It must be noted, however, than the reported cover plate test was performed with a smaller aluminum sheet thickness than most other RSW tests.)
The tensile shear force values achieved by using the two solid state spot welding methods, i.e., ultrasonic spot welding and friction stir spot welding, were generally somewhat lower than those achieved by plain resistance spot welding (even if in some friction stir spot welded joints the IMC layer was much thinner or not detectable). This difference may be due to the smaller thickness of the aluminum sheets used in the available literature experiments; if the tensile shear force is divided by the sheet thickness, the results are comparable.
Finally, the resistance element welding and friction bit joining processes achieve a significantly larger tensile shear force than most RSW processes (and all solid state processes). These techniques are different from all others in the fact that the welded joint is homologous (between the steel sheet and a steel rivet or bit) and the aluminum/steel joint is, in fact, a mechanical interconnection. As a consequence, the aluminum sheet thickness and base-metal strength are, in this case, the main determinants of the overall tensile shear force. (A metallurgical bond between steel and aluminum can also occur in some regions on the side of the rivet or bit, but it is much less important than the mechanical interlocking.)
Similarly, the results of continuous (linear) welding methods are reported in Tables 2 and 3 . All lap welded joints reported in Table 2 are fillet welds at the end of the aluminum alloy sheet except the friction stir welded joint, which is a seam weld; in all cases, the torch, laser source, or tool was on the aluminum alloy side. A filler was used in most cases for both lap and butt welds, and is also reported in Table 2 or Table 3 ; aluminum alloy fillers with the 5% or 12% Si were the more common choice.
The quasi-static tensile shear stress or tensile strength normal to the welding line is given for each lap or butt welding method in Table 2 or Table 3 , respectively. The tensile shear stress or tensile strength is here calculated as the fracture force divided by the initial cross section of the aluminum side. The tensile shear stress or tensile strength was comprised between 100 and 200 MPa in the vast majority of cases, with a few values up to 250 MPa (for 6000-series aluminum alloys only).
The above defined tensile shear stress or tensile strength is also given in the Tables 2 and 3 as a percentage of the ultimate tensile strength of the Al-alloy base metal, whenever the latter was reported. This percentage can be regarded as a measure of the efficiency of the welding process (with the only exception of the case examined by Basak et al. [118] , and reported Table 2 , row 4, in which the aluminum side was stronger than the steel side). On this basis, it can be concluded that a tensile shear stress or tensile strength close to 2/3 of the ultimate tensile strength of the Al alloy base metal can be achieved in most cases with the examined dissimilar welding technologies.
In the lap welding tests (Table 2) , an IMC layer was always detected (between the steel side and either the filler or the aluminum alloy), but it was less than 5 µm thick in almost all cases. A somewhat thicker IMC layer was obtained in two cases (up to 12-14 µm), together with a higher-bound tensile shear strength; both effects may be due to a higher heat input per unit length.
In the butt welding experiments (Table 3) , the IMC layer was generally thicker than in the lap welding one, and comprised in the 5 to 10 µm range in most cases. A thicker IMC layer during butt welding probably stems from the greater heat input used with lap welding, which is needed to ensure full thickness penetration.
Overall, the above results show that an IMC layer less than 10 µm thick is formed in most cases, and it is not especially detrimental for quasi-static loading.
The deployment of the here discussed hybrid welding technologies in the car sector is subject to two main known risks: i) that the hybrid components may not be adequate for some relevant corrosive environments; and ii) that the joining technologies themselves may not be viable or may be too expensive for large scale manufacturing.
The corrosion risk in turn arises from three facts. First, most of the technological research and development, which has been published so far, was focused on the joining technique themselves and on their mechanical performance, rather than on their corrosion performance. Second, some welding technologies can induce the formation of various phases and compounds in the joint, whose combined corrosion behavior is not well known. Third, corrosion depends on the specific environment, and in most cases no test data are available for the specific technologies and car-related environments.
However, hybrid components could be used in a large set of different automotive applications which are characterized by different corrosive environments, ranging in severity from intermediate (e.g., the door) to mild (e.g., the seat structure). Thus, it is expected that applications can be found also for those technologies that exhibit limited corrosion resistance.
The second risk, i.e., that some innovative hybrid welding technologies could be either not amenable to large-scale manufacturing, or could be too expensive, is inherent in this type of innovation. However, the structure of the car market may allow niche applications in premium and low volume cars, even for those joining technologies (if any) that will yield a high product performance, but will be expensive or difficult to perform, and therefore not suitable for mid-range cars.
